Objective: To ascertain whether individuals whose short stature is caused by poor living conditions differ in their other biological characteristics from those individuals who grow short, supposedly due to their genetic endowment, under favourable environmental conditions. Design: From the growth survey of nearly 4000 children of the`Cape Coloured' community aged 6±18 y half of whom lived in the middle-class suburbs of Cape Town [high socio-economic status (SES)], the other half who lived in poor rural settlements (low SES), boys and girls of similarly short stature were selected. Average body height by sex and age in each selected sample was close to the 5th percentile of height distribution among all high SES individuals surveyed. Setting: Cape Town and neighbouring rural settlements in South Africa. Subjects: Four thousand children of the Cape Coloured community aged 6±18 y. Among these were 109 high SES boys, 123 high SES girls, 302 low SES boys and 344 low SES girls selected for short stature study. Interventions: Anthropometric measurements in public schools with appropriate permissions. Results: Both short stature males and females from the low SES group tended to be signi®cantly (P`0.05) different from the high SES group of comparable stature in having lower body weights, shorter limbs, longer trunks, narrower shoulders, hips and chests, thinner skinfolds, smaller arm circumferences, and were very notably weaker and had poorer neuromuscular reaction times. Biepicondylar widths and pulse rates were little different between groups. Conclusions: Genetically short children do differ in various anthropometric and functional traits from those who are small from environmental causes. Sponsorship: MRC (South Africa), Foundation for Research Development and the Universities of Cape Town and the Witwatersrand.
Introduction
There is a vast amount of literature demonstrating clearly that children growing in poor circumstances are shorter in stature at all ages than those growing in relatively af¯uent conditions. Clearly there is a correlation existing between the degree of deprivation and the degree to which stature is reduced (Bielicki & Welon, 1982; Jedlin Âska, 1985; Rosenbaum et al, 1985) . On the other hand stature variation is usually highly heritable [heritability coef®cient estimates range from 56±99% (Cavalli-Sforza & Bodmer, 1971; Susanne, 1971; Mueller, 1976; Roberts et al, 1978) ]. This raises the question as to whether individuals whose short stature is caused by environmental deprivation differ in other biological characteristics from those whose shortness is due to their genetic endowment acting under favourable environmental conditions. In 1989 GH Beaton observed that`F F F by focussing on smallness as the measure of malnutrition, we have excluded F F F other routes of effect of undernutrition.' (p 871). Undernutrition is but one of the many aspects of poor environment in which some individuals grow. Short stature, per se, does not constitute a handicap unless it is one of the products of generally poor growth status affecting functional characteristics of individuals, especially those related to the ability to work and act in social situations.
In order to attempt to answer the question of biological differences between`genetically short af¯uent' and`environmentally short poor' we have analysed observations on body weight, trunk dimensions, limb length, bony width, arm circumference, skinfolds, grip strength, the speed of neuromuscular reaction to a visual stimulus, resting and post exercise pulse rates of short`Cape Coloured' children who were matched for stature living in contrasting socioeconomic conditions.
Material and methods
The material has been collected during a larger mixedlongitudinal study from 1987 to 1990 (Henneberg & Louw, 1990 , 1993 , 1997 Henneberg & Louw, 1990 , 1993 . This study has been approved by committees responsible for research ethics at the Universities of Cape Town and the Witwatersrand and conducted with permission of school authorities. Parents of each child received an explanatory letter and expressed their written consent to the participation of their children in the study. On the ®rst occasion 906 boys and 1068 girls aged 5±20 y were examined cross-sectionally in the Cape Town metropolitan area and 834 boys and 940 girls aged 5±19 y in the Klein Karoo area. The majority of children in the sample from greater Cape Town had parents whose education and occupations can be described as middle class whereas with a few exceptions parents of children in the Klein Karoo were unskilled labourers.
Physical growth status of children from greater Cape Town is on a par with NCHS norms and bodily dimensions of American children (Henneberg et al, 1988; Henneberg & Louw, 1990 , 1997 while menarche of girls from this sample at 12.6 y (Henneberg & Louw, 1995) is lower than that of many from First World communities. By contrast the weights and heights of subjects examined in Klein Karoo fall below 71.5 s.d. of NCHS norms (Henneberg & Louw, 1993 , 1997 while menarcheal age is 14.1 y (Henneberg & Pema, 1992) .
Weight was measured with a portable spring bathroom scale`Hanson' in the majority of cases and with the beam balance scale in all other cases. Both scales were present at the examination and the spring scale was periodically calibrated against the beam balance. Such arrangement made weight taking faster without loss of accuracy. All subjects were examined shoeless in light clothing only. Detailed description of methods is given in Henneberg & Louw (1997) .
A standard GPM anthropometer was used to measure body height, limb and trunk lengths. A spreading caliper was used to measure biacromial and biiliocristal diameters. Biepicondylar width of the humerus and of the femur was measured with the sliding caliper. Chest circumference and relaxed arm circumference in the standing position were measured with the elastic tape to the nearest 5 mm. Triceps, subscapular and abdominal skinfolds were measured with the`Holtain' caliper. The oval spring dynamometer of 55 mm width and 125 mm length was used to measure grip strength of the right and the left hand.
The time of neuromuscular reaction to a visual stimulus was measured by means of a falling ruler test.`Preexercise' pulse rate of the subjects was taken in a sitting position after they have been standing in a queue waiting for examination for a variable length of time. Then the subjects were asked to make ten squats as quickly as possible. The`post-exercise' pulse rate was taken immediately after the subject had completed the last squat.
Examinations were carried out by a team trained and supervised by M Henneberg who was present throughout the time of all examinations actively collecting data.
Statistical procedures
Basic parameters of distributions of all traits were calculated separately for children from the greater Cape Town and from Little Karoo by sex in one-year age groups based on the age rounded to the nearest year: for example children aged between 5 y and six months and 6 y 5 months and 29 d were included in the 6 y age group. These data are presented elsewhere (Henneberg & Louw, 1997) . For the purposes of this study children deemed to bè genetically small' or`naturally small' were selected from the Cape Town group (`high SES'). Selection was aimed at producing a sample with a mean falling close to the 5th percentile of body height. This was achieved by taking all individuals falling at or below the 12.5 percentile of body height distribution. The choice of the cut-off point was based on the assumption of a normal distribution and the consideration that the lowest octile (1/8) of the distribution lies below 1.15 s.d. from the mean. The same cut-off point was then applied to select children from the Klein Karoo (`low SES'). In such a selected sample there were obviously children much smaller than any from high SES. Therefore the selected sample of low SES was further selected to include only those individuals whose body height lay at or above that of the shortest individual from the high SES distribution. In this way a sample of low SES was doubly truncated: at the mean 71.15 s.d. of the high SES sample and at the minimum of the high SES sample. Thus both selected samples had the same minima and maxima. Figure 1 illustrates the procedure of selection for height. Sizes of the selected samples and the percentage of the total sample size in each age group are given in Table  1 . The selection procedure resulted in real terms in taking just above the shortest 10% of the high SES sample and about 1/3 of the total low SES sample. Means and standard deviations were then computed for each selected sample in each sex and age group. Due to the truncated and skewed nature of samples interpretation of standard deviations is dif®cult. Means, however, present less of a problem especially since in all samples they were close to medians of those samples. To avoid effects of small sample size, raw characteristics of the selected individuals were z-scored on means and standard deviations of the entire high SES sample appropriate for their sex and age. Means of z-scores were then calculated for all selected individuals in each group of SES irrespective of age as well as separately for selected`prepubertal' (6±9 y),`pubertal' (10±16 y) and`postpubertal' (17±18 y) individuals in each SES group.
Testing for statistical signi®cance of differences involving averages of selected samples presented problems due to a priori deviation of characters' distributions in those samples from normality. The method used here is approximative and employs standard deviations in total distributions rather than in the selected ones. This overestimates the width of con®dence intervals and errs on the side of caution when concluding that a particular difference is signi®cant. Since standard deviation of z-scores a priori equals one it is possible to assess the standard error of the mean for average z-scores as a simple reciprocal of a square root of sample size. Adding together sample sizes given in Table 1 , one can compute standard errors for various age groupings of children. These standard errors are used to construct 95% con®dence intervals around average z-scores which are the same for each trait studied. Two average zscores are considered signi®cantly different when their con®dence intervals do not overlap. Minimum differences signi®cant on this criterion are given in captions to Figures 2±5
Results
The means of body heights in both groups were identical, as was intended, and lay close to the 5th percentile of the unselected distribution in high SES group. This indicates that the samples are severely biased towards very short stature as required to meet the goals of the analysis. With respect to all other characteristics studied there were two general regularities. Firstly, the means for both selected samples lay closer to the corresponding means in the full high SES group than the means for height. Secondly, the degree to which this occurred was roughly inversely proportional to the degree to which a characteristic correlates with body height: traits strongly correlated with body height tended to have their means further away from the overall high SES mean and closer to the 5th percentile of the total high SES sample (for example biacromial diameter); those which poorly correlate with body height tended to have their means placed closer to the 50th percentile of the high SES (for example skinfold thickness), while functional characteristics which do not correlate with body height at all had means of selected groups practically equal to those of unselected complete samples from which they were drawn (for example time of neuromuscular reaction, pulse rates).
When the averages of the two selected groups were compared it became apparent that despite the close match for body height they do differ in other anthropometric and in functional characteristics. The pattern of these differences is summarised in plots of z-scores (Figures 2±5). Lower SES individuals matched for stature with short high SES individuals of the same age were lighter in weight, had shorter limbs, narrower shoulders, hips and chest, much less fat, smaller arm circumference and, very notably, had weaker muscles and longer neuromuscular reaction times. Low SES girls did not differ from their high SES counterparts in pulse rates but low SES boys had pulse rates slower than high SES ones. These differences are clear, and in the majority of characters signi®cant, for the samples pooled together irrespective of age (total z-scores), and in most cases for the prepubertal and pubertal individuals when considered separately. However, the differences tend to become less with age and, although the pattern persists, in the postpubertal group most of them become insigni®cant. The only notable and signi®cant differences in this group are in reaction time, and in the lower weight, narrower shoulders and chests of low SES boys. 
Discussion
The design of the study ensured that stature averages by age and sex of selected individuals do not differ signi®cantly. The ®nding that other characteristics in both selected groups show a tendency to be shifted towards the centre in inverse proportion to the strength of their correlation with stature is not surprising and con®rms the statistical validity of the selection procedure. The fact that selected low SES children have thinner skinfolds and consequently smaller weight and arm circumference than do their high SES matches for stature indicates their poorer nutritional status. The large discrepancies found between the two staturematched groups in the time of neuromuscular reaction, especially at older ages, and in the strength of muscles suggest serious functional impairment due to poverty. This impairment seems to be independent of stature as (1) high SES short individuals do not show any deviation of the reaction time from the general mean for all high SES children; (2) their grip strength z-score is appropriate to their anthropometric dimensions: the difference between grip strength of all high SES individuals and of statureselected individuals is roughly proportional to their muscle mass judging from arm circumference and triceps skinfolds; and (3) the poorer reaction time of stature selected low SES individuals is the same as the average reaction time for all low SES individuals. Thus it seems that malnutrition causes functional deprivation independent of the diminution in body size.
This functional impairment does not seem to extend to such basic physiological characteristic as the`resting' pulse rate or the post-exercise pulse rate. These remain similar in both groups indicating a basic ability of the poor child's body to maintain physiological cardiac homeostasis under conditions of moderate physical effort.
The analysis of the differences in anthropometric dimensions of the trunk and limbs indicates that although the two groups of children have identical statures their body proportions differ. In terms of the components of stature the length of the trunk of poor children constitutes a slightly larger proportion of total body length than of short high SES children. Leg length obviously behaves inversely. These differences in trunk length and leg length between the two groups are not apparent in the postpubertal age group. Therefore it seems that they are due to slower rates of maturation of poor children which produce their more paedomorphic appearance when matched for age with their high SES stature peers. With advancing age these differences disappear as a result of`catch up' in body proportions. Shoulder width and chest circumference of low SES stature matched individuals remain smaller than those of their high SES counterparts, especially so in boys. The difference is most apparent in the`pubertal' group but clearly visible in the`prepubertal' group and still noticeable in the postpubertal group. There is less difference in the biepicondylar diameters of humerus and femur between the stature matched high and low SES subjects. Figure 2 Age 6±18 y. Average z-scores of characteristics of short for age (lowest 1/8) high SES individuals and low SES individuals matched to them by stature. z scores were obtained by subtracting individual values of selected for stature individuals of a given age from age group means of appropriate characteristics of all (unselected) high SES subjects and dividing differences by standard deviation in the same total sample. ---high SES, ÐÐ low SES, s females, . males. Any difference exceeding 0.22 is signi®cant at 0.05 level. Figure 3 Age 6±9 y. Average z-scores of characteristics of short for age (lowest 1/8) high SES individuals and low SES individuals matched to them by stature. z scores were obtained by subtracting individual values of selected for stature individuals of a given age from age group means of appropriate characteristics of all (unselected) high SES subjects and dividing differences by standard deviation in the same total sample. ---high SES, ÐÐ low SES, s females, . males. Any difference exceeding 0.40 is signi®cant at 0.05 level.
Since selected for short stature high SES subjects of our study come from the extreme lower end of their stature distribution, while stature matched low SES individuals come from a more central section of the low SES distribution, it might be thought that body proportions differ due to variations in physique with stature within each sample. In other words short individuals could be more breviligne (stocky) while taller individuals could be more longiligne (lanky) in each group. This possibility has been tested by computing, in each one-year age group of all children of the same sex and SES status, quotient indices expressing upper extremity length, trunk length, shoulder width and hip width as a percentage of height and then comparing averages of these indices between groups falling into the lowest quartile and the remaining three quartiles as well as those falling into the upper quartile.
Neither in boys or in girls of both low and high SES groups were there any systematic differences between averages of indices for various quartiles of height. Therefore it may be concluded that poor children have narrower trunks for their height than children growing in good SES circumstances and that body trunk/limb proportions of poor children of the same height and age are more paedomorphic than those of high SES status individuals. At the practical level it seems that a simple measurement of trunk width, for example biacromial diameter, when added to the body height, or even on its own, may substantially improve sensitivity of anthropometric surveys aimed at detection of poor growth status.
These observations regarding differential growth of skeletal elements under different SES conditions indicate that even if the general effect or growth hormone secretion, as indicated by body height, is the same, different living conditions result in differential response of various skeletal elements. It seems that most affected by poverty is the growth in width of the upper trunk, less so that of the pelvis and the distal femur and the least that of the humerus. This order indicates that the degree of impairment is inversely proportional to the time of obliteration of physeal plates. The earlier the fusion of epiphyses in a particular region occurs the less growth of this region seems to differ between the low and the high SES individuals. This hypothesis of different susceptibility of various physeal plates to general levels of growth hormone depending on the timing of their fusion requires elaboration in further studies. Since the development of muscles and neuromuscular reactions seems to be particularly seriously affected by poverty it may be suggested that the differences in the growth of various skeletal elements result from different levels of mechanical stimulation. For instance, the relatively narrow upper trunk of low SES boys may be the result of poorer development of musculature around the shoulders.
Although all our subjects belong to the same broadly de®ned community they live some 300±400 km away from each other and may slightly differ as to their genetic endowment. We have no evidence that this is the case. Moreover, it is unlikely that a slight difference in gene Figure 4 Age 10±16 y. Average z-scores of characteristics of short for age (lowest 1/8) high SES individuals and low SES individuals matched to them by stature. z scores were obtained by subtracting individual values of selected for stature individuals of a given age from age group means of appropriate characteristics of all (unselected) high SES subjects and dividing differences by standard deviation in the same total sample. ---high SES, ÐÐ low SES, s females, . males. Any difference exceeding 0.27 is signi®cant at 0.05 level. Figure 5 Age 17±18 y. Average z-scores of characteristics of short for age (lowest 1/8) high SES individuals and low SES individuals matched to them by stature. z scores were obtained by subtracting individual values of selected for stature individuals of given age from age group means of appropriate characteristics of all (unselected) high SES subjects and dividing differences by standard deviation in the same total sample. ---high SES, ÐÐ low SES, s females, . males. Any difference exceeding 0.59 (males) or 0.63 (females) is signi®cant at 0.05 level.
frequencies in two geographical subgroups of a continuously distributed and interbreeding population would result in substantial differences of a number of morphological and functional characteristics.
Conclusions
The diminution of body height by poor living conditions usually has a limited magnitude, not more than about 1 s.d. or less than 5% of the average (Henneberg & van den Berg, 1990) . This extent of stature shortening by itself should not confer signi®cant disadvantage on affected individuals. The fact, however, that simple anthropometric and functional indices re¯ect effects of deprivation on body proportions and, what is of special importance, on functional abilities related to ef®ciency with which the individuals will be able to execute manual labour, calls not only for special concern but indicates that measurement of just stature and weight in public health surveys may be an inadequate measure of biological well-being or deprivation. Public health and education policies aimed speci®cally at improvement of certain biological characteristics rather than at production of increased overall body size may be both more relevant and economically more feasible. It seems immediately more practical to enhance speci®cally development of muscle strength and re¯ex speed, for example by means of special exercise and food supplementation programmes, than to strive to give every individual in the nation living conditions now characteristic for the minority of high SES families. This is especially true in the real situations faced by developing nations.
